Introduction
Compared to other ecosystems, streams have been described as having low resistance to disturbance but being highly resilient following disturbance (Webster et al. 1975) . Webster et al. (1983) demonstrated the low resistance of Big Hurricane Branch at Coweeta to watershed logging, documenting the many changes to the stream in the first few years after clearcutting. These changes were associated with physical disturbance (high sediment export), increased nutrient export, changes related to the reduction of the forest canopy (decreased allochthonous inputs, increased light, increased autochthonous production), and alterations in the invertebrate community. Although there had not been sufficient time to see resilience, Webster et al. (1983) noted that within 4 years following disturbance some aspects of the stream were showing significant return to pre-logging conditions. They also noted that some of the changes in the stream, particularly the shift to an autochthonous energy base and the macroinvertebrate community shift from shredder-to grazer-dominated, could be interpreted as mechanisms of resilience. They concluded that the potential resilience of the stream could not be realized because of the long-term modification of the quantity and quality of terrestrial organic matter inputs (Webster and Patten 1979; Gurtz et al. 1980 ). 
Methods

Litterfail
Annual litter inputs to Big Hurricane Branch were measured just prior to logging and have been measured six times since logging. Similar measurements of litterfall to Hugh White Creek were made in 1983-84, 1993-94, and 2003-2004 . All measurements were made using overstream or streamside baskets or traps. Collection sites were located along the length of the main channel of each stream. In general, litter falling in the baskets was collected twice monthly from September through November and then monthly through the rest of the year. In the laboratory, litter was separated into leaves, wood, and miscellaneous material, leaves were separated to species, and all material was air-dried to a constant weight and weighed. Subsamples were ashed at 500°C to determine ash free dry mass (AFDM).
Leaf Breakdown
Leaf breakdown was measured in Big Hurricane Branch before logging and seven times subsequently. Concurrent measurements of leaf breakdown in Hugh White Creek were begun in 1983. All measurements were made using the mesh bag technique (Benfield 2006) . Senescent leaves were collected at Coweeta just prior to abscission and weighed amounts were placed in mesh bags (3-5 mm openings). Bags were placed in the streams in late autumn and either anchored to the stream bottom with large nails or tied to roots or small trees. Replicate bags of each species were taken back to the lab to account for weight loss due to handling. Three to five bags of each species from each site were retrieved periodically, returned to the laboratory, rinsed to remove sediment, invertebrates, and debris, and then air-dried to a constant weight and weighed. Subsamples were ashed at 500°C to determine AFDM. Breakdown rates were determined by regressing natural log of mass remaining versus time (e.g., Webster and Benfield 1986) . For two studies, we also determined breakdown rates by regressing log mass remaining versus cumulative degree-days (e.g., Minshall et al. 1983 ).
Benthic Standing Stock of Particulate Organic Matter
Leaves
Leaf standing stock on the streambed was sampled prior to logging and six times subsequently. In the first two studies, leaves were sampled using a Surber sampler; in later studies samples were taken with a core sampler or Surber sampler in most areas and with a core in depositional areas. In general, coarse paniculate organic material was removed by hand and placed in a 1-mm mesh net and rinsed to remove smaller material. In the laboratory, the material was separated into leaves, wood, and other (nuts, flowers, etc.), air-dried to constant weight, and weighed. Subsamples were ashed at 500°C to determine AFDM. Stream POC Dynamics ' 5. Fine Benthic Organic Matter (rSOivl) Fine benthic organic matter (FBOM) was measured along with the core measurements of larger particles in 1985-86 (Golladay et al. 1989 ) and again in July 1994 (Webster and Benfield, unpublished) . Water from the core was pumped through a 1 -mm mesh net until the water was clear. We then measured the volume of water and collected an approximately 1-L sample. The volume of sample was measured in the laboratory, and a measured subsample was filtered though a preweighed glass fiber filter (mesh opening approximately 0.5 urn). We determined the AFDM of material on the filter (Golladay et al. 1989 ) and used the data to estimate FBOM standing crop in the stream.
Wood
Small wood was sampled in the Surber and core samples, and larger wood was estimated either by measuring all the wood in 1-m transects or by the line-intersect method. Using the transect method, all medium-sized (1-5 cm diameter) wood was collected and weighed. Subsamples of the collected wood were wet-weighed in the field, and the rest of the material was returned to the stream. In the laboratory, the subsamples were dried, weighed, ashed, and reweighed. Data from the subsamples were used to convert field-measured wet weights to AFDM. All individual pieces of larger wood (> 5 cm diameter) were either wet-weighed, subsampled, and treated as we did the smaller pieces; or, for very large logs, we measured the length and diameter and collected subsamples with a hand saw. The subsamples of these logs were dried and weighed; and the volume was measured by water displacement. Subsamples were then taken for determination of AFDM, and the measurements were used to determine the AFDM of the logs.
In 1995 (Big Hurricane Branch) and 1999 and 2008 (Big Hurricane Branch and Hugh White Creek), wood was also measured by the line-intersect method (Warren and Olsen 1964; Wallace and Benke 1984) . In 1995 and 1999 a line was placed across the stream at each of 60 cross-sections and the diameter of all wood intersecting this line was measured. In 2008 a line was placed along the thalweg of each stream. The measurements were converted to volume and then to AFDM using density measurements from the transect study or a general value of 0.4 g/cm?.
Simulations of Leaf Dynamics
Using the leaf input and breakdown rates described earlier, we developed a computer model to predict leaf standing stocks, which we then compared against measured values. The initial model had the following form:
f-w-w where X. is leaf standing stock, t is time, I.(t) is leaf-fall, k. is the exponential breakdown rate, and i is the leaf-breakdown-rate category. We used breakdown rates '(1". Long-Term Response of a Forest Watershed Ecosystem for four categories of leaves, fast, medium, slow, and very slow, based on the leaf-breakdown measurements made in 1993-94 for Big Hurricane Branch and the averages of all rates measured at Coweeta in reference streams for Hugh White Creek (Webster et al. 1999; Webster et al. 2001) . Daily leaf-fall rates were calculated by linear interpolation from data collected in 1993-94. We did not include loss via transport in the model. Previous studies at Coweeta have shown that streams of this size are highly retentive, leaves breakdown very close to where they enter the stream, and leaf export is a small fraction of the total leaf input (e.g., Webster et al. 1999) . The model was solved numerically using Runge-Kutta integration with a FORTRAN computer program.
We subsequently made two modifications to this initial model. First, we included blow-in, the lateral movement of leaves into the stream. Blow-in was based on measurements made in 1983-84 (Webster et al. 1990 ) modified to the leaf composition measured in 1993-94. Second, to include temperature, we modified the model to use degree-day breakdown rates and mean daily water temperatures.
Results
Water Temperature
During the first few years following logging, summer water temperature in Big Hurricane Branch was elevated due to the absence of a forest canopy (Swift 1983; Webster et al. 1983 ). However, the temperature elevation only lasted a few years. Once the forest canopy closed, water temperature in Big Hurricane Branch showed less annual variation than in Hugh White Creek (Stout et al. 1993) . For example, during 1993 For example, during -94 and again in 2004 For example, during -2005 , water temperature in Big Hurricane Branch was warmer in winter and cooler in summer than in Hugh White Creek (figure 10.3). This difference is apparently due to geomorphological differences of the two watersheds and not to logging. Annual degree-days were slightly higher in Big Hurricane Branch during both of these years.
Leaf-fall
Prior to logging, leaf-fall to Big Hurricane Branch was 259.2 g m~2 y~', slightly less than leaf-fall in Hugh White Creek (table 10.2; figure 10.4) and other reference streams at Coweeta (Webster et al. 1990 ). Leaf-fall was reduced to almost zero after logging but recovered to reference levels within five years (figure 10.4). Despite quantitative recovery, leaf-fall remained qualitatively different and was generally a mix of more labile leaf species than leaf-fall to the reference stream through 1993-94 (table 10. 2). The near absence of oak leaves even in 1993-94 is particularly evident. The temporal pattern of leaf-fall was very similar in Big Hurricane Branch and Hugh White Creek in 1993-94, with a slightly earlier peak in Big Hurricane Branch (figure 10.5). More recently (2003) (2004) , the composition of leaves falling in Big Hurricane Branch has been more similar to Hugh White Creek except for the low abundance of hemlock needles in Big Hurricane Branch. 
Leaf Breakdown Rates
Several patterns are evident in the breakdown rates (figure 10.6). First, leaf breakdown rates in Big Hurricane Branch before logging were very similar to rates in Hugh White Creek. Immediately following logging, breakdown rates were slower, probably due to sediment burial of the leaf packs (Webster and Waide 1982) . However, subsequent measurements indicate breakdown rates significantly faster than pretreatment rates and faster than rates measured in Hugh White Creek. Across both species and streams, the annual patterns are nearly identical-rates were fairly fast in 1983-84, slower in 1986-87, faster again in 1995-96, and slower again in 1999-2000 . These annual trends are probably related to differences in winter water temperatures or annual discharge . However, in the most recent measurements (2005) (2006) , breakdown rates of rhododendron, white oak, and red maple in Hugh White Creek were slightly faster than measurements made 6 years previously while breakdown rates of these leaf species were slightly slower in Big Hurricane Branch. Leaf breakdown rates calculated on a degree-day basis (table 10. 3) show the same trend, that is, substantially faster breakdown of leaves in Big Hurricane Branch even when corrected for temperature.
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Leaf Standing Stock
Interpretation of the differences of leaf standing crop between streams is difficult because of differences in sampling techniques among studies (table 10.4). However, the more intensive studies (1985-86 and 1993-94 ) demonstrated lower standing crop in Big Hurricane Branch than in Hugh White Creek. The difference between streams was not due to quantitative differences in input as pointed out earlier. For example, in 1993 For example, in -94 and again in 2004 For example, in -2005 , the standing crops of leaves in the two streams were very similar just after leaf-fall, but in Big Hurricane Branch leaf standing crop declined much more rapidly through winter, spring, and early summer before increasing in late summer (figure 10.7).
['me Benthic Organic Matter
The standing crop of FBOM in Big Hurricane Branch in 1985-86 was lower than in Hugh White Creek, both on an annual average and in July (table 10.5). Nine years later, FBOM in Big Hurricane Branch was still lower, though the difference was not statistically significant. 
Wood Standing Crop
Differences in wood standing crops are also difficult to interpret because of differences in sampling techniques (table 10.6). Also, measurements of large wood can be highly biased by the presence of a single large log. Measurements of large wood in Big Hurricane Branch in 1995 were very high because of the presence of one massive log near the headwaters of this stream. However, measurements made at the same cross-sections of Big Hurricane Branch in 1995 by transect and line-intersect methods were almost identical, strengthening the case for the much simpler line-intersect method (Wallace et al. 2001 ). Since we began sampling large wood in 1995 there has been a substantial decrease in the amount of wood larger than 20-cm diameter (table 10.6). Though slash was removed from some of the stream, it was left in other reaches, and these data undoubtedly represent the decay of this slash, decay of residual material from before logging, and the lack of recruitment into the stream. Small wood Golladay et al. (1989); and Webster and Benfield (unpublished) .
(1-5 cm diameter) has remained very stable and similar to reference stream levels, suggesting that decay of this material is balanced by inputs of twigs in this size range.
Leaf Simulations
Our simulations of leaf standing crops in the reference stream, Hugh White Creek (figures 10.8-10), provide general support for the prediction of standing crop from measurements of input and breakdown . In this stream, the rates of leaf disappearance from mesh bags agree with the loss of leaf mass for the stream. However, this was not the case for Big Hurricane Branch-our simulations were consistently lower than measured standing crop (figures 10.8-10). It appears that leaves disappear from the mesh bags considerably faster than leaves actually disappear from this stream.
Discussion
Our studies indicate that except for the first few years after logging, leaves that fall into Big Hurricane Branch disappear faster than leaves falling into Hugh White Creek. This conclusion is based on both leaf breakdown rates (figure 10.6) and disappearance of benthic leaves (figure 10.7). There are several possible reasons for this difference. First, more leaves may simply wash out of Big Hurricane Branch during storms. Based on measurements made in 1977-78 (Gurtz et al. 1980 ) and again in 1984-85 (Golladay et al. 1987) , paniculate organic matter transport from Big Hurricane Branch has been significantly greater than from Hugh White Creek. However, whole leaves and leaf fragments are a small fraction of paniculate transport (Gurtz et al. 1980 ) and cannot account for the observed differences in leaf-disappearance rates.
A factor that clearly did contribute to the differences in disappearance rates was the more labile composition of the litterfall to Big Hurricane Branch for the first 15-20 years following logging (table 10. 2). However, more recent data suggest that the leaf species composition falling in the stream is converging toward the characteristics of reference forests. Yet this does not explain the faster species-specific leaf breakdown rates in Big Hurricane Branch.
Temperature is a major factor affecting leaf breakdown rates (Webster and Benfield 1986) , and the warmer winter temperature in Big Hurricane Branch (figure 10.3) may contribute to faster leaf disappearance. However, when we take temperature into account by using degree-day adjusted breakdown rates, leaf breakdown rates in Big Hurricane Branch are still much higher than in Hugh White Creek (table 10. 3). Heterotrophic processes in Coweeta streams appear to be limited by availability of both nitrogen and phosphorus (Tank and Webster 1998; Gulis and Suberkropp 2003; Greenwood et al. 2007 ). Dissolved phosphorus levels in Big Hurricane Branch have been very low and apparently little affected by logging (Swank 1988) . However, dissolved inorganic nitrogen increased in Big Hurricane Branch following logging, decreased for about 10 years, and then returned to relatively high levels (Swank and Vose 1997) and remains elevated (see Quails et al., chapter 5, this volume) . The availability of inorganic nitrogen is likely a contributing factor to the faster disappearance of leaves in Big Hurricane Branch. This appears to be especially true for rhododendron, which is the most refractory leaf species we studied. Experimental addition of nutrients to a small stream at Coweeta had the same effect-rhododendron leaf breakdown was accelerated more than breakdown of relatively labile red maple leaves (Gulis and Suberkropp 2003; Greenwood et al. 2007) .
Physical scouring of leaf packs by transported sediment may also accelerate leaf breakdown in Big Hurricane Branch. Sediment movement and its effect on leaf breakdown may become more evident as large wood continues to decline.
These various factors, quality of leaf inputs, higher winter temperature, higher nutrient availability, and sediment scouring together can probably account for the differences in the rates leaves disappear from the two streams. However, they do not explain why measured leaf breakdown rates in Big Hurricane Branch were so much faster than actual leaf disappearance, whereas these rates were similar in Hugh White Creek (figures 10.8-10). One possibility is that the scarcity of leaves in Big Hurricane Branch in late winter and throughout spring and summer ( figure 10.7) , results in introduced bags of leaves being a rare resource that was rapidly colonized and broken down by shredding invertebrates (Webster and Waide 1982) . Stout et al. (1993) found higher shredder biomass and production in Big Hurricane Branch than in Hugh White Creek in 1986-87, and Stone and Wallace (1998) found a similar pattern in 1993-94. Leaf-shredding invertebrates in Big Hurricane Branch may have responded to the high availability of more labile leaf material in late fall and early winter, and then, in late winter and spring, they congregated in our packs of more refractory litter. As a result, our measured leaf breakdown rates, especially for the more refractory rhododendron, were exceptionally high.
There has been insufficient time since logging to evaluate the prediction that a long-term decrease in large wood will result accelerated sediment movement from Big Hurricane Branch (Webster et al. 1992 ). Large, slow-decaying logs remain in the stream and undoubtedly contribute to the physical stability of the streambed. In other aspects, 30 years after its watershed was logged, Big Hurricane Branch still shows many effects of the disturbance. Though the stream rapidly returned to a dependence on allochthonous detrital inputs, the continued altered quality of these inputs, coupled with elevated available nitrogen, results in substantially altered detrital dynamics within the stream. Thus Big Hurricane Branch exhibits some evidence of high resilience, but in other aspects potential resilience is still limited by the press-type nature of forest clearing. Until the riparian forest returns to its predisturbance state, we expect Big Hurricane Branch to show signs of altered ecological structure and function. Even with eventual forest recovery, we predict that stream recovery will show a significant temporal lag. In reality, with the permanent forest changes that have occurred in the region, such as the loss of chestnut and the alteration of atmospheric nutrient inputs as well as future changes, such as loss of hemlocks and climate change, we predict that no stream within the southern Appalachians will return to presettlement conditions. The best we can hope for in recently or intensively disturbed streams, like Big Hurricane Branch, is a return to a state that that contains many of the original species of the stream community and regains most of its functional characteristics.
"No serious student of forest hydrology or ecology can survive long without encountering the name "Coweeta." "Hie Coweeta Hydrologic Laboratory in North Carolina has rightly become world-famous across a broad spectrum of environmental science. It is well over 20 years since the last compilation of Coweeta research appeared in book form, and this volume provides a very welcome update." -Professor Tim Burt, Durham University "Forest watershed research is reaching an age when some long-term trends-or the lack of them-can be evaluated. Aside from its great value as a synthesis of a comprehensive long-term research project in and of itself, this volume is a welcome scientifically objective investigation of the long-term effects of forest harvesting. This volume should reside on the bookshelves of scientists (both basic and applied), educators, policy makers, and environmental advocates.
-Dale Johnson, Emeritus Professor, University of Nevada "This volume is a most compelling case on the value and necessity of long-term research on ecological patterns and processes. Findings summarized here are applicable way beyond the ecology and management of southern Appalachian hardwoods, by providing a framework on improving bodi economic and ecological values with appropriate forest management practices." -Donald J. Leopold, Chair, Department of Environmental and Forest Biology, SUNY-ESF Our North American forests are no longer the wild areas of past centuries; they are an economic and ecological resource undergoing changes from both natural and management disturbances. A watershed-scale and long-term perspective of forest ecosystem responses is requisite to understanding and predicting cause and effect relationships. This book syndicsizes interdisciplinary studies conducted over thirty years, to evaluate responses of a clear-cut, cable-logged watershed at the Coweeta Hydrologic Laboratory in the Nantahala Mountain Range of western North Carolina. This research was the result of collaboration among Forest Service and university researchers on die most studied watershed in the Lab's 78-year history. During the experiment, a variety of natural disturbances occurred: two record floods, two record droughts,' a major hurricane, a blizzard of die century, major forest diseases, and insect infestations. These disturbances provided a unique opportunity to study how they altered die recovery of die forest ecosystem. This book also shows diat some long-term forest trends cannot be forecast from short-term findings, which could lead to incorrect conclusions of cause and effect relationships and natural resource management decisions.
